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Abstract: This review presents a detailed summary of the latest technologies used in flywheel energy
storage systems (FESS). This paper covers the types of technologies and systems employed within
FESS, the range of materials used in the production of FESS, and the reasons for the use of these
materials. Furthermore, this paper provides an overview of the types of uses of FESS, covering
vehicles and the transport industry, grid leveling and power storage for domestic and industrial
electricity providers, their use in motorsport, and applications for space, satellites, and spacecraft.
Different types of machines for flywheel energy storage systems are also discussed. This serves
to analyse which implementations reduce the cost of permanent magnet synchronous machines.
As well as this, further investigations need to be carried out to determine the ideal temperature
range of operation. Induction machines are currently stoutly designed with lower manufacturing
cost, making them unsuitable for high-speed operations. Brushless direct current machines, the
Homolar machines, and permanent magnet synchronous machines should also be considered for
future research activities to improve their performance in a flywheel energy storage system. An
active magnetic bearing can also be used alongside mechanical bearings to reduce the control systems’
complications, thereby making the entire system cost-effective.
Keywords: flywheel energy storage systems (FESS); spacecraft; renewable energy; transport indus-
try; electricity
1. Introduction
The severe environmental impact of fossil fuels, used in all aspects of our lives, is a
serious threat, as is clear from the resulting health problems and climate change [1,2]. To
reduce the severe problems caused by the different fossil fuels, scientists have proposed
different solutions, such as waste heat recycling [3,4], developing efficient energy conver-
sion systems that have low or no environmental impact [5–7], transitioning from fossil fuel
resources to renewable energy resources [8–10], and, finally, CO2 capture [11–14]. In the
last decade, the renewable energy sources’ capacity was exponentially increased, resulting
in a critical need for energy conversion/storage systems that can effectively use/store
such an increase in energy. Regarding energy conversion devices, fuel cells are efficient
devices [15–17] that are fueled by renewable fuels such as biohydrogen [18], biogas [19], or
other biomass resources [20,21]; they have high potential to replace conventional energy
conversion sysetms in several applications, such as water desalination [22,23], transporta-
tion [24–26], aviation [27], and portable applications [28]. The energy storage systems
are divided into four categories, i.e., electrical, electrochemical, thermal, and mechanical.
Mechanical ones are suitable for large-scale capacities with low environmental impacts
compared to the other types. Among the different mechanical energy storage systems, the
Energies 2021, 14, 2159. https://doi.org/10.3390/en14082159 https://www.mdpi.com/journal/energies
Energies 2021, 14, 2159 2 of 33
flywheel energy storage system (FESS) is considered suitable for commercial applications.
An FESS, shown in Figure 1, is a spinning mass, composite or steel, secured within a
vessel with very low ambient pressure. The reduced pressure within the vessel reduces
drag on the spinning mass, thereby maintaining momentum and generating electricity for
longer [29]. A flywheel stores energy in a rotating mass, and the kinetic energy produced
is stored as rotational energy. The amount of kinetic energy stored depends on the inertia
and speed of the rotating mass. In order to eradicate any energy loss due to friction, the
flywheel is placed inside a vacuum containment. It is also suspended by bearings so that
operation is stable. This results in the flywheel being able to continue spinning without any
added power and with very little energy loss. The kinetic energy is transferred in and out
of the flywheel by an electrical machine. The electrical device has two modes of operation,
namely either a motor or generator. These modes of operation are dependent on the load
angle [30–33]. When the machine is acting as a motor, electrical energy is provided to the
stator winding. The stator winding is a wire coil built into the motor, which produces
a rotating magnetic field when energised. This energy is then converted to torque and
applied to the rotor, resulting in it spinning rapidly and gaining kinetic energy. This is used
when an excess of energy is being produced from an external source, and, therefore, the
flywheel stores the energy [34]. When this stored energy is required, the electrical machine
acts as a generator, and the kinetic energy stored in the rotor applies a torque. This is then
converted into electrical energy. This causes the wheel to slow back down [30].
Figure 1. An illustration of a typical FESS, reproduced with permission from Elsevier [29].
One typical use for FESS is to smooth the varying supply of electricity from either a
change in the grid supply or renewable systems. Renewable energy generation systems
are generally intermittent in their creation and supply of electricity. Flywheels are capable
of rectifying the wind oscillations, coupled with improvement in the system frequency,
and for solar systems, they can be combined with batteries to enhance the system output
as well as extend the battery’s operational lifetime. This allows flexibility and control to
rely more on renewable sources [31,35]. The flywheel energy storage system (FESS) is one
such storage system that is gaining popularity. This is due to the increasing manufacturing
capabilities and the growing variety of materials available for use in FESS construction.
Better control systems are another important recent breakthrough in the development of
FESS [32,36–38]. FESS present a green alternative technology to traditional chemical-
based batteries for short-term storage needs [39,40], doing so without hazardous materials
and offering very long lifetime (millions of full-depth discharge cycles) [41], ease of pro-
duction [42,43], use, and decommissioning [44], especially with the current increase in
renewable energy applications, as shown in Figure 2.
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Figure 2. An indication of the increase in renewable energy sources, adapted from [45].
A flywheel’s ability to store energy is a well-established phenomenon [46]. Flywheels
(FW)/mechanical batteries save excess electrical energy by converting it into motion in a
high-speed rotating disk connected to an electric motor. This stored momentum can then
be used to regenerate electrical energy when needed [47].
There are already many other ways to store excess energy, as depicted below:
• Pumped hydro storage (PHS);
• Compressed-air energy storage (CAES);
• Battery energy storage (BES);
• Capacitor storage (CS);
• Supercapacitor energy storage (SCES);
• Superconducting magnetic energy storage (SMES);
• Thermal energy storage (TES);
• Hydrogen storage system (HSS);
• Flywheel energy storage system (FESS).




4. Power electronic interface (PEI).
Figure 3. Components of flywheel energy storage system, reproduced with permission from Else-
vier [47].
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Merits and Demerits of FESS
FESS is gaining much attention from the research community due to the intermittent
nature of energy harnessed from renewable sources. The flywheel components are built
using environmentally friendly materials. Unlike other storage systems, there is no issue
in terms of wear in flywheels; hence, regular maintenance is usually not required. FESS
is also developed in the absence of any chemicals. This implies that decommissioning
requirements are not needed in flywheel energy storage systems, unlike chemical batter-
ies [48]. Due to industrial development coupled with population growth, the demand for
energy continues to increase. Thus, the need for FESS to augment the existing medium
of energy generation continues to increase as well. FESS have several advantages and
disadvantages, as shown in Table 1. The capital cost of the system is very high due to
the need for special materials at high speed, i.e., light mass, and the expensive magnetic
bearing in the heavy mass. In general, the FESS needs to have a very balanced system to
ensure sufficient mechanical performance.
Table 1. Advantages and disadvantages of the flywheel.
Advantages Disadvantages Ref.
• High energy-efficiency
• Almost immediate delivery
• Strong power
• Requires little maintenance
• Long service life
• Environmentally friendly
• Simple and safe
• Flexible in the rate of charging and/or discharging
• The need for permanent magnets in the rotor
• May require costly cryogenic cooling devices
• Cryogenic cooling also reduces the overall energy
storage efficiency
• Deep discharging cannot be achieved
• High capital cost, whether due to the materials’ cost
for the light rotational mass, i.e., at high rpm, or for
the magnetic bearing using heavy rotational masses






There are two classifications of speed rating:
• Low speed, less than 10,000 revolutions per minute (rpm);
• High speed, 10,000 to 100,000 rpm.
High-speed FESS is normally restricted by cost, which is normally five times as much
as low-speed FESS. The required speeds affect the types of materials (Table 2), size and
geometry, and the types of bearings and electrical machines available. However, in the
developing industry, they offer the best composites regarding high strength and light
weight and the most advanced electronics for power and control FESS, making them a
genuine alternative to chemical battery storage systems [29]. FESS can be reused many
more times than batteries, and recharging is also quicker [52].
When comparing FESS to batteries, as shown in Table 3, FESS has a higher power
output, measured in Watts (W), but cannot store as much energy, Watt-Hours (Wh), for
a long period of time. They are presently able to store energy for only a couple of hours.
Offering several million discharge cycles, FESS lasts longer. FESS is also lighter, smaller
in size, and has a smaller physical footprint. The lifecycle cost for FESS is less than that
for batteries [53]. FESS can be used in conjunction with batteries due to FESS being more
effective in storing than delivering considerable amounts of energy in a short time. This
also increases the batteries’ lifetime [54]. FESS can also compete with supercapacitors in
short-term storage applications in the seconds to minutes range [46,55–57].
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Table 2. Comparison between high-speed flywheel energy storage system (HSFESS) and low-speed flywheel energy storage
system (LSFESS).
LSFESS HSFESS
Material for disk Steel Composite Ref.
Electrical machine Permanent magnet synchronous machine(PMSM), induction machine Permanent magnet synchronous machine (PMSM) [58]
Bearing Mechanical Magnetic [59]
Application Power quality Traction and aerospace industry [60]
Cost Low High [60]
Table 3. Comparison between characteristic performance of flywheel and battery [47,49,51,61–64].
Characteristics Flywheel Battery
Cycles 100,000 to 10 mil Up to 20,000 (according to the type)
Energy density (Wh/kg) 130 160
Charging/discharging time 10 s–10 min Several hours
Self-discharging time Few hours 5–25 months
Energy conversion Determined by generator Chemical process
2. Components of Flywheel Energy Storage System
The flywheel is made up of a disk, an electrical machine, a large capacitor, source
converters, and control systems. The main component of the technology, which is the
flywheel, has, over the years, supported the smooth running of machines [60]. Steel is the
most common material used for flywheels, but recently, the use of composite materials has
been encouraged. The main contrast between the steel and composite materials is their
rotational stress limitations. The composite flywheels are designed to carry high speeds
as well as rotational stress thresholds compared to steel-based ones [65,66]. Therefore, it
is recommended that composite materials are used for high-speed flywheels, and steel
is used for low-speed flywheels [67,68]. The main challenge with composite materials,
however, is the fact that they are very costly.
2.1. Machine
The motor is an electromechanical interface used in FESS. As the machine operates
as a motor, the energy is transferred, charged, and stored in the FESS. The machine also
operates as a generator when the FESS is discharging. FESS use different types of machines
as follows.
• Permanent magnet synchronous machine (PMSM)
This is the most common type due to its excellent efficiency. This type shows less
rotor loss due to the rotor flux produced with the permanent magnet. The PMSM shown
in Figure 4 is suitable for several applications, but it has a narrow optimum temperature
range, and they are also expensive [65,69–71].
Figure 4. Diagram of permanent magnet synchronous machine (PMSM) for flywheels, adapted
from [72].
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• Induction Machine (IM)
# The induction machine shown in Figure 5 should be considered the best all-
round choice for high-power installations [73]. They are stoutly constructed,
with low build cost, they suit high torque applications, and they are highly
reliable [67,74]. They do not suit high-speed applications [75], although double-
fed induction machines (DFIM) are in development to overcome this limita-
tion [76,77].
Figure 5. Flywheel energy storage system with an induction motor adapted from [73].
• Brushless direct current machine (BLDCM)
# A BLDCM as shown in Figure 6 is designed to be a synchronous machine
containing a permanent magnet within the rotor and operates a self-controlling
function, optimising the stator current by the use of an inverter. High effi-
ciency, large operational speed range, compactness, mechanical stablility, low
maintenance, and operation without electromagnetic interference are the main
advantages of a brushless direct current machine [78–83].
Figure 6. Brushless DC machine with flywheel adopted from [78].
• Switched reluctance machine (SRM)
# The switched reluctance machine shown in Figure 7 with it’s rotor (7(a)) below
has a simplified build, and idle losses are low. They can operate in harsh
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environments, including at temperatures of 400 ◦C, still with a wide speed
range [84]. Switched reluctance machines similarly are operational even when
one or two phases are damaged. An SRM is challenging to control at lower
speeds but is easier to control at high speeds than an induction machine [85].
Figure 7. Switched reluctance motor for flywheel adapted from [85].
• Homopolar machine (HM)
# The HM shown in Figure 8 is also known as the homopolar inductor alternator
and also the homopolar synchronous machine [86]. The homopolar machine
is well built with low idle losses and suits long-term high-speed applications
due to its reliability [87]. There is a reduction in the self-discharge rate using
this technology, hence increasing efficiency as well as energy density [88]. This,
therefore, reduces the overall cost of this technology. This motor utilises a single
winding to generate torque in the absence of permanent magnets [89,90]. They
are also ideal for industrial blowers, hole pumps, etc. [91]. Current excitation
on the stator side for this type of machine is used with a flywheel [92,93].
During the idling period, magnetisation can be eliminated through the turning
down of the current, hence reducing self-discharge losses.
Figure 8. AC homopolar motor, adapted from [94].
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• Synchronous Reluctance Machine (SRM)
# An SRM depicted in Figure 9 is capable of controlling varying torques via
two thyristor-controlled components coupled to the stator windings. This
allows a dampening effect in the rotating components when used in oscillation
mode [95]. Table 4 compares the differences between the switched reluctance
machine and synchronous reluctance machine.
Figure 9. Diagram of a synchronous reluctance motor, adapted from [95].
Table 4. Comparison between switched reluctance machine and synchronous reluctance machine.
Switched Reluctance Machine Synchronous Reluctance Machine
Ref.
Saliency Double (Stator and Rotor) Single (Rotor) [96]
Sensor Salient poles (Concentrated coil) Conventional AC machine [97]
Rotor Salient poles Arrangement of internal flux guides [98]
Winding Single tooth winding Poly phase distributed windings [99,100]
Excitation Pulse DC voltage sequence Balanced sinusoidal currents [101]
Waveform Triangular/Trapezoidal Sinusoidal [102]
Converter Asymmetric half bridge Conventional 3-phase inverter [103]
2.2. Rotor Bearing
Bearing design is an important part of the FESS process. A poor bearing design will
increase friction and losses and will cost more in terms of requiring more maintenance.
The first type of bearing used was mechanical bearings; these needed regular lubrication
and often failed. The introduction of magnetic bearings changed the validity of FESS as
an energy storage device. The main drawback with magnetic bearings is the required
sophisticated control system. Magnetic bearings offer low loss, long service life, high speed,
high load capacity, and fast response, although FESS has mechanical bearings on standby
in the event of failure. FESS use three main types of magnetic bearings as follows:
• Permanent (Passive) magnetic bearing (PMB).
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# PMBs are permanent magnets (Figure 10) rather than electromagnetic so there-
fore are used with other bearing types as they are unable to sufficiently dampen
movement on all axes [104]. PMBs offer extremely low losses because of the
absence of electromagnetic drag and have low construction and installation
costs. They are also used as auxiliary bearings as required [105,106].
Figure 10. Passive magnetic bearing (PMB), adapted from [107].
• Active magnetic bearing (AMB)
# Active magnetic bearing (Figure 11) accommodates coils that can adjust the
amount of electromagnetic force in the system, thereby reducing vibrations in
the rotating mass [108,109]. This is achieved via a feedback system monitoring
the shaft position and increasing the stability of the FESS. This suspension and
stiffness control increase losses from the power output due to the presence
of the control system current. When used in conjunction with mechanical
bearings, the complications of the control system can be reduced, making this
option more cost-effective, stable, and feasible. However, there is still a need
for a complex control system and, therefore, this should not be considered in
applications susceptible to electromagnetic interference [110].
• Superconducting magnetic bearing (SMB).
# SMBs are best for high-speed use, as shown in Figure 12 below. The high
speeds generated and the comparatively friction-free environment offer long
life and stability. The main disadvantage with SMBs is the need for very low
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operating temperatures. Cryogenic cooling is needed to keep the bearings
from failing. High-temperature superconductors (HTS) are in use with SMBs
to combat this system requirement, and there have been recent attempts to
incorporate cryogenic isolation for the SMBs to reduce costs and keep the
operating temperatures low, but, at the moment, SMBs and PMBs need to be
used at the same time [111,112].
Figure 11. Active magnetic bearing system, adapted from [110].
Figure 12. Superconducting magnetic bearing, adapted from [113].
The high-speed rotor and vacuum conditions mean that there is a high pressure
placed on the system’s suspension bearings [114]. The bearings are used to keep the
rotor in place with low friction and provide a support mechanism for the flywheel [59].
Although mechanical bearings have a low initial cost and are simple to implement, there
is a huge frictional loss due to the rotor’s high rotating speed and the unsuitability of the
lubricant for a vacuum environment. This explains why they are rarely used to support the
flywheel rotor.
Generally, ball bearings are used in conjunction with magnetic bearings. In addition,
ball bearings can also act as catcher bearings and catch the rotor and suspend it if the
magnetic bearings fail. Magnetic bearings do not come into contact with the rotor; they
have low loss, no wear out, and no lubrication is required [114,115]. However, if active
magnetic bearings are used, power is needed to energise them [116,117]. Magnetic bearings
use permanent magnets or magnetic fields from current-carrying coils to stabilise the
flywheel by supporting its weight [118,119]. There are three types of magnetic bearing
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systems used: active magnetic bearings (AMB), permanent/passive magnetic bearings
(PMB), and superconducting magnetic bearings (SMB) [48,120,121].
• Bearingless machine (BM)
# A bearingless machine is capable of combining the two independent operations
of magnetic suspension and generating torque into a single machine. This
approach can be applied to the other types of machine mentioned herein,
offering a reduced cost and compact design. BM can be implemented in high-
speed FESS [122].
When the electric machine is acting as a motor, it charges the flywheel by accelerating
it and drawing electrical energy from the source, storing the energy. When this energy is
required, the same machine then acts as a generator, extracting it, thereby slowing down
the flywheel. Three common machines used in flywheel energy storage systems are the
induction machine (IM), the variable reluctant machine (VRM), and the permanent magnet
machine (PM).
For high-power applications, an IM is utilised as it is very rugged, has high torque, and
is not expensive. However, some disadvantages associated with the use of IM are its speed
limitations, complex control, and high maintenance requirements. IMs are often used in
wind turbine applications. Furthermore, the VRM is also robust, has low idling losses, and
has a wide speed range. In addition, its control mechanism is easier to use than the IM’s.
However, it also presents its own drawbacks, such as its low power factor, high torque
ripples, and low power density. Due to this, the PM is the most commonly used machine
for flywheel energy storage systems. Characteristics such as its higher efficiency, low rotor
losses, and high-power density make it a more favourable choice. It is used in high-speed
applications extensively because it does not have the speed limitations associated with
IMs or the torque ripples, vibrations, or noise of VRMs. However, the disadvantages of
PMs include their idling losses, their high cost, and their low tensile strength. To overcome
these disadvantages, hybrid PM reluctance machines have been developed [123].
2.3. Containment/Housing
This component provides (Figure 13) the vacuum enclosure, the mounting location for
inner components, and it provides containment of the rotor if it fails, protecting external
facilities and workers. If a rotor fails, its crack mode depends on the material it is made
from. If the flywheel rotor is made from metal, then it is prone to break into larger pieces,
which can be predicted as metals are homogeneous isotropic materials [124]. However,
rotors made from composite materials tend to break into numerous small fragments [125].
Figure 13. Flywheel containment structure, adapted from [126].
2.4. Power Electronic Interface
It is the improvements in electronics since the 1960s that have led to the feasibility of
FESS. FESS would not be possible without the control circuitry [127]. The power electronic
interface continues to play a major role in FESS today. The topology—which is the way in
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which a device networks with devices and, in the case of FESS, grids—is a deciding factor
when considering layouts and applications. The most common layout is AC-DC-AC. This
is also known as back to back (BTB). In this configuration, the grid connection side supplies
an AC supply to the system; it is then converted to DC and then converted to the relevant
AC voltage for the machine. See Figure 14 for this layout with a wind turbine.
Figure 14. Back to back layout, adapted from [128].
Other topologies include AC-AC, DC-AC, and DC-DC. The system may be used with
a DC link in some applications, using a subsidiary DC-AC converter to allow use with an
uninterruptable power supply (UPS) [128].
The standard operational process of an FESS is explained as an electrical supply is
used to “charge” the flywheel. This “charging” drives the mass in a rotation and converts
the electrical supply to kinetic energy. The amount of energy that can be stored depends
on the FESS’s physical attributes, the mass of the flywheel, the material, and the rated
maximum rotational speed. After charging, the energy is stored as kinetic energy and
maintained in standby mode by allowing the flywheel to spin for as long as possible,
minimising any restrictive forces to the rotation. When the energy is needed, the flywheel
can then transfer the kinetic energy back to electrical energy via the machine [128].
Another type of PEI is the AC-AC matrix converter (MC) shown in Figure 15. MC
offers the advantage of not needing any system capacitors. This means that there are no
capacitor balancing issues. Further advantages include lower weight, smaller volume, and
a modest structure. This type of converter was introduced by Gyugi and Pelly [109]. MCs
can be direct or indirect. MCs have the disadvantages of having their output gain capped at
86.6%, a high level of total harmonic distortion (THD), and they require a complex control
system [129].
Figure 15. (a) Direct matrix converter, (b) indirect matrix converter, reproduced with permission
from [48].
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3. Current Application of FESS
Flywheels can provide an excellent addition to energy-producing systems. This is
because energy can be easily input and output depending on how much energy is being
produced at a given time. Flywheels may also be used for many different scales of projects
but will only be implemented if it is found to be economically feasible for the entire system,
i.e., if it will benefit the whole system. FESS can be more efficient than compressed air and
thermal energy storage in specific applications. For larger-scale energy applications, FESS is
usually only used when other storage methods are not viable. The system is not necessarily
new, but recent developments in its internal features have enabled new advancements in
its technology to become integrated with current energy-producing projects. Figure 16
shows the various applications of the flywheel energy storage system.
Figure 16. Applications of flywheel energy storage system.
3.1. Application of Flywheel in the Transport Sector
3.1.1. Rail Transport
Energy consumption by light rail transit trains (Figure 17) could be reduced by 31.21%
by capturing the braking energy with a flywheel energy storage system. This FESS also has
the benefit of having, compared to other storage systems, a better energy capacity by mass
and, due to the unlimited charge/discharge cycles, comparatively long life. Low-speed
flywheels, more suitable for short-journey trains, are more cost-effective than high-speed
flywheels; the cost per kWh is in the hundreds for the former and up to USD 25,000 for the
latter. The low-speed rotors are generally composed of steel and can produce 1000s of kWh
for short periods, while the high-speed rotors produce kWh by the hundreds but can store
tens of kWh hours of energy [35].
Figure 17. Flywheel energy storage system in rail transport, reproduced with permission from [35].
The heavy-haul locomotives are open to developing a hybrid diesel/electric system
that has been in use historically in automotives. Heavy locomotives require consideration
of the weight, size, power/energy densities, lifespan, and cost before considering which
energy storage system is best. Wang et al. suggest that a flywheel system is installed as
a booster unit to the usual locomotive [129]. Flywheels were first designed for use in a
stationary position but have, however, lately undergone much research, to the extent that
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NASA uses them. To be used in locomotives, they have to be able to withstand shocks
from movement. Meinert’s (2015) research explains that FESS has several uses within the
locomotive industry [130]:
• On-board use in diesel–electric vehicles to store braking energy;
• On-board use in DC systems to raise the recuperation rate;
• Stationary use in DC power supply systems to raise the recuperation rate.
The FESS used have an efficiency of an impressive 95% [130].
In Los Angeles VYCON Inc., flywheels attached to the track recover the once wasted
energy from trains as they brake. This recovers 66% of the braking energy, with an energy
saving of 20% within 6 months of installation. The trains have traction systems that are AC
and DC, all resulting in a monetary saving for each station.
3.1.2. Road Transport
In hybrid automobiles, flywheels, as shown in Figure 18, are used to give extra
power to push uphill and, whenever an acceleration boost is required, contributing to
fuel conservation, they extend the lifespan of the engine while cutting down on noise and
air pollution.
Figure 18. Applications of flywheels in vehicles, adapted from [131].
The S60 sedan from Volvo (Figure 19) has a flywheel system where the energy can be
used to power the vehicle. The flywheel provides a 25% reduction in fuel usage due to the
engine being cut off by the braking energy. Volvo confirms that applying the flywheel as
a kinetic energy recovery system (KERS) during the retardation “braking” resulted in a
reduction in fuel consumption by 25%. In such a system, the flywheel uses the braking
energy, which is used again when the car starts to move. The Williams Formula 1 Team
developed the Gyrodrive, which has been installed in over 200 buses run in Oxford, and
these flywheels can rotate up to 36,000 rpm, again, saving 25% fuel.
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Figure 19. S60 Sedan volvo flywheel, adapted from [132].
3.2. Aircraft Carrier
The USA aircraft carrier Gerald R Ford has an “electromagnetic aircraft launch system”
(Doyle); to enable this to work properly, it is fitted with flywheels (Figure 20) to store
energy from the ship’s engine for quick release when needed to help lift the aircraft. This
technology allows 122MJ to be released in 2–3 s and this energy is restored in 45 s. They
rotate at 64,000 rpm with a density of 28 kJ/kg [133].
Figure 20. Electromagnetic aircraft launch system, adapted from [133].
3.2.1. Incredible Hulk Roller Coaster
In Orlando Florida, the Incredible Hulk theme ride uses flywheels to capture the
energy as the roller coaster falls downwards followed by rapid acceleration. Here, 4500 kg
flywheels are used to power the mechanics of the uphill propulsion. The flywheel can
discharge 8 MW and recharge at 200 kW [134,135].
3.2.2. Domestic Applications of Flywheels
Similarly, in terms of residential application, the production of a domestic FESS may
help to establish a low-carbon future. The excess energy produced by other renewables can
be stored and released on-demand, with guaranteed wear and tear over 25 years and an
efficiency of 90% [136,137].
3.2.3. Flywheel Application in the Space Industry
Due to the gyroscopic effect, satellites are using FESS because of the quick recharge
and high efficiency of the system, but they can also exploit the added advantage of the
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gyroscopic effect to control the satellite’s movement in space. The recent development
of power electronics technology, new strong, lightweight materials, and magnetic bear-
ings has raised interest in FESS. They can now outpower chemical batteries. These new
developments (Figure 21) were carried out by NASA for energy storage in space [138].
Figure 21. NASA flywheel and mounting bracket, adapted from [138].
3.3. Load Levellers
This type of FESS is used when a highly variable electrical load is installed in a location
away from the power plant, or when power lines are not up to a sufficient standard,
resulting in oscillations in power delivery. Within this scenario, a load-leveling unit could
be installed, which would increase the efficiency of the systems, providing a more uniform
and continuous supply of energy [139].
3.4. Emergency Devices
The application of FESS can vary from complex to simple systems. Most existing
systems are connected to cooling shafts or lubrication pumps. This is to help the system’s
operation if any emergency occurs, and backup power is needed for emergency buildings,
such as hospital devices, or to ensure the safe slowing down of the mechanism [138].
3.5. Low-Energy Applications
Applications that store small amounts of energy to equalise the machine’s motion are
considered low-energy storage applications. The majority of FESS used in industries using
low energy storage are within this category as the majority will be used from mechanical
rotational systems such as friction welding or mechanical press machines [138].
3.6. Utility Grid
With regard to having FESS implemented within the utility grid, recent trials have
been carried out by the University of Sheffield, Schwungrad Energie, Adaptive Balancing
Power, Freqcon in Ireland, and the Schwungrad Energie Hybrid Flywheel-Battery Facility,
as shown in Figure 22 below. The system was to be Europe’s and the UK’s largest and first
FESS connected to the Irish and UK grid. This trial aimed to investigate whether or not the
systems would benefit the utility grid [44].
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Figure 22. Domestic application of flywheel, adapted from [139].
Due to the demanding oscillatory nature of electricity from the public, the year-
long FESS trial demonstrated that it would be very beneficial to have this sort of system
connected to the grid. Due to the trial showing much promise, the University of Sheffield
decided to go forward and install another FESS at their 2 MW battery facility to provide
“20 kWh of energy storage” [139].
3.7. Materials
The flywheel was not a popular choice but has re-emerged lately, with promising
applications for storing energy—this is due to massive improvements in the technology
and materials used. When the flywheel is weighed up against conventional energy storage
systems, it has many advantages, which include high power, availability of output directly
in mechanical form, fewer environmental problems, and higher efficiency. Conventional
steel-based flywheels have a much lower density than composite material flywheels, being
able to have a greater higher density. A report based on a comparison of flywheel properties
suggests that using a 70% graphite whisker/epoxy material will yield an improvement of
17.6 over steel, which was thought to be the highest-strength material for a constant stress
flywheel rotor [140].
The maximum energy storage of the flywheel can be calculated using Equations (1) to (5).
R = radius
t = thickness
ω = angular velocity










Mass of disc is m = πR2tρ
3. Energy per unit of mass is the ratio of the last two equations
























Ms units is kJ/kg.
Some materials used for the manufacturing of the rotor are summarised in Table 5.
Table 5. Materials for rotor of FESS [140,141].
Material Density (kg/m3), ρ Strength (MPa), σ Energy Density (MJ/kg) Cost ($/lb)
Steel (AICI 4340) 7800 1800 0.231 1
Alloy
(ALMnMg)
2700 600 0.22 3
Titanium
(TiAI6Zr5)
4500 1200 0.27 9
Carbon-fibre
composite (S2) 1920 1470 0.766 24.6
Carbon-fibre




1664 3620 2.175 101.8
The material’s ability to withstand centrifugal force exerted on it determines the speed
of the rotor. This is the ultimate strength of the material. There is a direct relationship
between the mass, centrifugal forces, and radius, as well as the speed. The maximum
energy per volume and mass is represented as Equations (6) and (7).







K is the shape factor, ρ is the density, and σθ,u is the ultimate tensile strength.
Materials ideal for flywheels must be light in weight. This implies that the density of
the material must be lower as well. For higher speeds, the material must also have high
tensile strength. These characteristics are common with composite materials, unlike metals
with higher weight, but the cost of metal is lower than that of composites. The shape factor
K is also a representation of material utilisation. The shapes of flywheels manufactured
from composite and metals are depicted in Figure 23.
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Figure 23. Shapes of FESS composed of composite and metallic materials, reproduced with permis-
sion from Elsevier [141].
Commercial Use
Larger-scale companies would be best using composites (carbon fiber-reinforced
polymer composites, CFRP) because they are the best performing and also the most
affordable. Meanwhile, a smaller company would more than likely use a composite (glass
fiber-reinforced polymer composites, GFRP) due to it being almost the same as composite
CFRP but cheaper. These smaller companies could use lead alloys and cast iron, but these
choices are limited in terms of speed [142]. Table 6 contains information to help in the
selection of the most appropriate material.
Table 6. Some selected materials for FESS.
Material kJ/kg Comments Ref.
Ceramics 200–2000 High failure rates so rarely used [142]
Composites: CFRP 200–500 Most popular, used in a wide range of applications [142]
Composites: GFRP 100–400 Also widely used. Less range than CFRP but cheaper [139]
Beryllium 300 High costs and challenging to work with [140]
High-Strength Steel 100–200 These blends are all equal in strength and
applications. Steel and aluminium are less expensive
than magnesium and titanium
[141]
High-Strength Al Alloys 100–200
High-Strength Mg Alloys 100–200
Ti Alloys 100–200
Lead Alloys 3 Traditionally used when requiring high density and
in low-speed applications [140]Cast Alloys 8–10
4. Design
4.1. Rotor Design
Energy storage technologies are becoming very useful for cases where energy needs
to be stored and used later. The most common types of energy storage technologies are
batteries and flywheels. Due to some major improvements in technology, the flywheel is
a capable application for energy storage. A flywheel energy storage system comprises a
vacuum chamber, a motor, a flywheel rotor, a power conversion system, and magnetic
bearings. Magnetic bearings usually support the rotor in the flywheel with no contact,
but they supply very low frictional losses, the kinetic energy is stored, and also the motor
changes mechanical energy to electrical energy and vice versa. The rotor makes use of
high speed, high mechanical strength, dynamic properties, and high energy density. The
rotor is the main component of the flywheel energy storage system. Recent studies have
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shown that optimal design and stress analysis are the main priorities associated with the
development of flywheel rotors [140].
4.2. The Flywheel Rotor Design Process
This process, shown in Figure 24, consists of the rotor type option, optimum design,
requirements analysis, performance evaluation, and general design. The aim is to determine
the geometric parameters of a flywheel dependent on a restricting factor; surroundings
and influences must be taken into consideration, which includes the general configuration
of the flywheel energy storage device, operation speed, material behaviour, the stored
energy, rotor dynamics, moment of inertia, structural manufacturability, and flywheel rotor
mass [140,141].
Figure 24. Flywheel rotor design process and its influence factor, reproduced with permission
from [143].
4.3. The Stress Analysis
This section gives an example of how a design could be accomplished for a flywheel.
The metal flywheel can be grouped into two spokes and a metal rim, as shown in Figure 25.
They have a uniform thickness rotating disk. The stress at a particular point in the disk
can be in three stages: the radial stress σr, tangential stress σθ , and axial stress σz. This is
because the surface of the disk is a free surface in the z direction, σz = 0. For the case of an

















R2 + r2 +
R2r2
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r = inner radius;
R = outer radius, v = poisson’s ratio, ρ = material density , ω = angular velocity and
ri = radius.
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Figure 25. A schematic diagram of hybrid composite flywheel structure, reproduced with permission from Elsevier [144].
4.4. The Failure Criteria Selection
For a composite rim, the failure criteria are Tsai-Wu, Tsai-Hill, Hoffman, and Maximum
failure [145]. For isotropic materials, the failure criteria are Tresca, Von Mises, and Tresca
Stress. The Tresca criterion is known to be more conventional and can also be used for
ductile and isotropic materials. The disk is made of plastic metal. Therefore, the tresca
stress criterion is used as a failure criterion. This simply means that failure occurs due to
the maximum shear stress in the component being equal to that of the maximum shear
stress in a uniaxial tensile test at the yield stress. σ1 and σ3 are the maximum and minimum
principal stresses, and σ is the safe stress.
σ1 − σ3 ≤ [σ] (10)
The flywheel in comparison to other typical energy storage systems has a lot of benefits;
these benefits are a reduction in environmental issues, high energy/power density, high
efficiency, and accessibility of output energy exactly in mechanical form. The flywheels
made of composite materials permit high density, unlike the typical steel-based flywheels
with low density [70]. Two materials are mainly used to construct flywheel energy storage
systems: they are composite materials made up of carbon fiber or graphite and metal
materials. A hybrid composite flywheel, shown in Figure 25, operates on a simple concept,
which is to place the stiffer and lighter materials in the outer side of the rotor and the softer
and heavier materials in the inner side of the rotor. The hybrid composite is made of three
layers: the inner layer, which is aluminum alloy 7075; the middle layer is a softer composite
of epoxy/glass, and the outer layer is high-strength composite T300/2500 [129,130].
The properties of the three materials in a hybrid composite flywheel are shown in
Table 7 (adapted from [140]) below. Figure 26 also shows a multi-rim rotor for FESS. The
analytical method for the study of the hybrid composite multi-rim flywheel rotor can be
traced back to 1977 [68].
Table 7. Material characteristics of hybrid composite flywheel [68,130,140]
Material Property T300/2500 Glass/Epoxy Aluminium Alloy 7075
Density (Kg/m3) 1600 1800 2800
Long-Trans. Poisson’s Ratio 0.3 0.26 0.3
Longitudinal Young’s Modulus (GPa) 130 38.6 72.5
Transverse Young’s Modulus (GPa) 9 8.27 -
Long Tensile Strength (MPa) 1800 1062 590
Long Compressive Strength (MPa) 1400 610 -
Trans. Tensile Strength (MPa) 80 31 -
Trans. Compressive Strength (MPa) 168 118 -
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Figure 26. Rotor set up for flywheel, adapted from [146].
These two materials have different specifications and there are different reasons as to
why they are both used. In as much as the kinetic energy for both of these materials is simi-
lar when they both have constant thickness, composite rotors are known to perform better
in relation to specific energy and they also have a lower specific energy than metal rotors,
which make use of tensile failure considerations. However, some physical limitations and
the impact of materials must be recognised. In some recent studies, an optimised model per-
mitted the application of limitations on the radial stresses, as well as direction-dependent
failure modes, which then caused a limit in the attainable specific energy of orthotropic
materials such as composites used to make flywheel rotors. In an attempt to improve the
performance of flywheels, a study showed that press-fitted multi-rim composite rotors
with detailed material series could overtake metal flywheels and single-rim composite
flywheels in relation to total energy [109,126]. One of the performance criteria used was
energy per cost, and it revealed that two-rim motors presented no meaningful benefit over
single-rim motors. With additional developments, the metal flywheel could accomplish
optimised stress distribution with the use of differences in the shapes of the rotor. This
analysis will make use of a 2D or 3D numerical rotor model. The outcome of exhaustion
on the efficient performance of the various types of flywheel rotors over their anticipated
lifespan can add to the selection of rotor materials and needs to be reviewed [68,147].
4.5. Overview of Flywheel Mounted on a Rotating System
The application of flywheel energy storage systems in a rotating system comes with
several challenges. As explained earlier, the rotor for such a flywheel should be built from
a material with high specific strength in order to attain excellent specific energy [148]. This
supports the fact that material selection, as discussed earlier, is key in the determination of
flywheel for specific application. The material type selected has a direct correlation to the
specific energy coupled with the rotor tip speed that can be harnessed from the flywheel. It
must, however, be stated that an increase in the tip speed will also imply an increment in
parasitic windage loss. Reducing the windage loss will require the rotor to rotate inside a
vacuum [149]. The utilisation of a vacuum also comes with its own challenges in terms of
vacuum compatibility. The bearing, for instance, should be designed to sustain high speed,
higher stiffness, durability, and higher load capacity. Due to these demands, magnetic
bearings are often selected for flywheel energy storage applications in spite of the magnetic
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bearing method being novel. This section will attempt to evaluate flywheel energy storage
systems with a specific focus on the ones mounting magnetic bearings.
4.5.1. Bearing Load
In the case of a vehicle, the bearing loads come from the vehicle and the flywheel
energy storage itself. Due to the flywheel being fixed in the vehicle, they are exposed to
base motion input at the various installation points. Motion at the mount points can be
categorised into shock, vibration, and maneuvering. These phenomena are predominantly
common when the vehicle hits a pothole, cobblestone pavement, etc. Residual mass
imbalance of high-speed rotors is another source of bearing load [149]. Shock, vibration,
maneuvering, and imbalance will critically be discussed in subsequent sections. Another
key area that will be discussed is gyrodynamics, which is sub-classified under maneuvering.
The last few decades have seen several research works carried out to determine vibration
and shock loads on vehicles as a result of irregularities on the road. The parameters
deduced were presented in terms of power spectral density plots [150]. Power spectral
density plots present detailed information on amplitude as well as frequency values of road
vibration under varying operating conditions. According to the literature, vibration due to
the road decreases rapidly with respect to an increase in frequency. It must be stated that
high-frequency vibration can be filtered more easily compared to low-frequency vibration.
The flywheel energy storage mount points will normally have a lower frequency, between
0.25 Hz and 25 Hz. Most reported information is for road input at either the road surface
or the axle. There is very limited information on the impact of vibration or shock on the
chassis of vehicles.
Shock
Shock scenarios occur due to potholes and are characterised by their transient na-
ture. Evaluation of shock from a technical point of view has been presented by several
researchers [151,152] in terms of the impulsive aspect. The impact of the shock on the
system is influenced by the peak acceleration of the system due to the shock. In the case
of vehicles, the shocks created from the road are mitigated with the aid of a suspension.
The movement of the flywheel energy storage system mount point due to shock is needed
in order to determine the flywheel energy storage bearing loads. Mount point motion
is referred to as a transient waveform of displacement. The motion occurring in three
orthogonal directions for the mount point is usually stated categorically. The waveform
created is dependent on the type as well as the nature of the shock. When carrying out a
simulation, the same waveform is utilised at each mount but the longitudinal, lateral, and
vertical directions are considered separately. Objects hitting the flywheel housing unit can
also create shocks, as can a collision. Most testing in the automotive industry is carried out
to ensure that, in the event that a vehicle collides, it can sustain the shocks impacted on
it [153].
Vibrations
Variations differ from shocks in terms of the input and response to attain amplitude
at a steady state, which is usually required to be maintained for a longer period of time.
Activating the vibration source results in transient conditions, which is often considered a
major issue as it is dealt with using shock methods. The vibration motion for a flywheel
energy storage system can be denoted in terms of spectral density plots of acceleration
against frequency. With the aid of information from PSDs, researchers have developed
realistic surface terrains suitable for computer simulations for testing mounting hardware
performance. Most vehicles are designed so that the tires coupled with the suspension
reduce high-frequency loads [153]. It is often recommended that the “Functional equipment
shall operate without degradation during and after exposure to vibration as predominant
in normal revenue service”. Figure 27 captures the specific vibrating spectrum. This is
recommended for an area next to the rear end of a bus. It is, however, recommended that
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operation should continue without any degradation, even after 1000 h of vibration under a
nonoperating state.
Figure 27. Requirements for vibration spectrum for flywheel at the rear end of a bus, adapted
from [153].
Rotating Mass Imbalance
Residual mass imbalance for the flywheel rotor is another source of load for flywheel
energy storage system bearings [154]. The magnitudes for the loads are directly related to
the rotor imbalance but also correlated to the dynamics for the rotor-bearing system. In
flywheel energy storage systems, the flywheel, similarly to high-speed rotors, is designed
to be precision-balanced. They are designed such that, after balancing, the flywheel’s mass
centre is usually within 1.3 × 10−6 m from the centre of rotation. The radial magnetic
bearings determine the centre of rotation. Due to this balance level, the bearing loads are
often around 89 N or lower, within the flywheel energy storage system’s operating speed
range. The presence of the magnetic bearing provides the potential to sustain a larger mass
imbalance. Should the flywheel energy storage system flywheel rotor fail in holding its
precision balance, the magnetic bearing control algorithm can be employed to rebalance
the rotor [155,156].
Gyrodynamics
The relatively large angular momentum for the flywheel rotor results in gyroscopic
effects. A gyroscopic effect is a vector quantity with both directions as well as magnitude.
The angular momentum vector is seen in the direction of the rotational spin axis for a
high-speed flywheel rotor, and this usually comes with magnitude. In an attempt to alter
the position of the flywheel spin axis, larger torques will be required. It is recommended
that the torque emanates from the radial bearings because the flywheel is usually not in
contact with anything when in operation. Other authors have explored the gyroscopic
effect on flywheels for vehicles [157]. A correlation between the torque needed to change




where P = polar moment of inertia of flywheel rotor (kgm−2);
Ω = spin speed of flywheel rotor (rad/s);
θ = rate of turn of the flywheel axis (rad/s).
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There are instances where the gyroscopic torques are so huge that they impact the
movement of a vehicle [158]. This is very common in space vehicles as well as ocean ships.
For vehicles, the gyroscopic torque is too small to affect the movement of the car but can be
a key source of load on the radial bearings. When the vehicle is designed in such a way
that the flywheel is firmly anchored to the bus, the bearing load, in this case, can be ten
times the capacity of the radial magnetic bearings. In order to curb the generation of large
gyroscopic torques, the position of the flywheel rotors must be isolated from the position
of the vehicle chassis. This simply implies that the flywheel must be vertically aligned.
This approach ensures that the flywheel is isolated from the vehicle yaw changes. There
must also be some component to sustain the flywheel in order to allow it to pitch or roll
freely. Figure 28 presents an image showing a mathematical model established to ascertain
the interaction between a flywheel and a vehicle. In the figure, a rigid rotating flywheel
mass can be seen inside a unit but supported by springs in the pitch coupled with the
roll coordinates. The springs can be fixed to the vehicle frame. There is the occurrence of
viscous damping, which occurs in parallel to the springs.
Figure 28. Mathematical model and coordinate systems used to analyze flywheel gyrodynamics,
adapted from [159].
In order to dissociate the flywheel and vehicle yaw axes, it is recommended that
the flywheel spin axis is kept vertical; hence, the support must not be neutral. A force
is therefore needed to keep the flywheel in this vertical orientation. This force can be
attained with the aid of springs or sometimes gravity. If the flywheel is not maintained
in the equilibrium orientation, it can easily move away from the vertical orientation. It
has, however, been reported that, while at operating speed, when the flywheel is not in
equilibrium, it can precess about its home orientation in a slow circular orbit in the opposite
direction to the flywheel spin. An investigation into the spinning top can be utilised in
examining the nature of this motion [160]. The flywheel process when displaced from its
equilibrium position should, however, be noted.
Some actions that can lead to displacement of the flywheel from its equilibrium
position in the case of the vehicle include:
(i) The vehicle turn in-plane, provided that the flywheel is not in its home orientation in
relation to the vehicle;
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(ii) Vehicle pitch or roll, subject to whether the flywheel energy storage support uses a
spring or damper bolted to the car frame;
(iii) Vehicle lateral acceleration, provided that the support uses a pendulum-type spring;
(iv) Torque on the flywheel energy storage emanating from the flywheel energy storage
system motor-generator, provided that the stator’s reaction torque vector comes with
an element normal to the spin axes of the flywheel;
(v) Torque on the flywheel energy storage systems rotor obtained using bearings, but the
beating’s stator reaction torque vectors must be normal to the spin axis.
When the flywheel is in its home orientation, it will precess, and this is very common
in the operation of flywheels. Precession has many sources and it can accumulate. Using
damping on pitch and roll motions can reduce precision to ideal values. It is recommended
that damping is sufficient in tandem with the precession inputs to reduce the possibility
of going beyond the allowable motion range of the support. Excessive damping can lead
to precision.
5. Future Development of FESS
The low-speed flywheel (LSF) has been commercially available for around 30 years,
but now, with the demand for renewable energy and advances in materials technology, a
great deal of research and development is devoted to flywheel development. There are
two ways to increase the amount of energy that a flywheel can store—one is by increasing
the rotational speed of the flywheel; the other is to increase the moment of inertia [29].
The maximum speed of a flywheel can be determined by the tensile strength of the rotor.
Consequentially, extensive research has been devoted to materials with higher tensile
strength to increase the amount of energy stored. The problem with lightweight materials,
such as new carbon fiber composite materials, is that they are expensive, and this has
hindered the uptake and advancement of flywheel technology [54]. There is a new line of
research aimed at developing an intermediate-speed flywheel using the readily available
steel material. “A new class of intermediate speed flywheels, benefiting from the low cost
of steel materials but a sufficiently high energy density, is also being developed based
on the use of laminated steel. This has the potential to offer low cost, but also compact
options.” [115].
5.1. Application of Flywheel Energy Storage Systems in Renewable Energy Sources
The development of suitable FESS is being researched to improve the overall system
stability and energy quality in current solar and wind energy systems. The flywheel can be
introduced into a wind farm setup to store excess energy during peak production times,
to later be released back into the grid at times when there is no wind. In solar systems,
FESS is being introduced to prolong the battery storage life that already exists by using the
energy stored in the FESS first, so the batteries’ workload should be drastically reduced,
thereby improving the battery lifespan [34].
5.2. Application of Flywheel Energy Storage Systems in Military
The use of FESS is being developed for the next generation of combat ships, vehicles,
navigation, and weapons due to the instant demand that their on-board electrical applica-
tions have. The combination of FESS with batteries will provide the energy needed while
extending the life span of the batteries, should they have been used as a singular system.
The US Marine Corps have also integrated an FESS into a microgrid that supplies
energy to the base through mainly renewable means. The system is backed up by diesel
generators, but it is expected that the FESS will reduce diesel dependency by 40%. “The
flywheel storage is intended to decrease the dependency on diesel generators by about
40%.” [59].
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5.3. Application of Flywheel Energy Storage Systems in Spacecraft
In aerospace, flywheels are being considered as spacecrafts are mainly powered by
solar energy. The idea is that FESS will bridge the energy gap when the spacecraft goes into
darkness. The advantage of using FESS is that they are lighter than batteries, have a much
longer lifecycle, and the reduction in spacecraft mass will reduce spacecraft production
costs. The main driver behind the development of FESS seems to be that they will replace
batteries or work as a hybrid system with them. The benefits of using FESS are that they
are cleaner to produce and that an FESS made of steel is fully recyclable. Comparing all
different current and future developments, it is evident that FESS could help to prevent
the periodic nature that comes with many energy-producing systems. The FESS can help
to maintain constant and stable delivery by allowing excess energy that is produced to be
stored in the form of kinetic energy, to later be used when needed. The majority of the
references used demonstrate that FESS being tested in a number of locations and industries
showed improvements over past systems. These improvements can be seen in the system’s
efficiency due to the oscillatory demand problems that the grid and transport industries
encounter. The stop-and-start problem can be reduced with the excess generation of energy
stored in the flywheels, stored later for when demand is higher. With the promising results
gathered from all of the tests and trials, significantly more companies are investigating the
implementation of FESS in far more complex problems and systems, such as the military
and spacecraft applications. Even though it can be seen as a promising invention that
allows energy storage, it comes with drawbacks. The system can be costly to manufacture
due to the composites and the magnetic bearing system required. As completely efficient
systems cannot be currently made, there will still be energy loss in the form of friction and
heat. However, even though these problems occur, the FESS will still be a viable option to
be installed in many types of energy-producing systems.
6. Conclusions
It seems almost paradoxical that flywheels are well established as an essential tool in
human history, yet they are still currently at the very cutting edge of what is technologically
possible. From vehicular brake recuperation, to space applications and electricity supply
levelling, to rail transport efficiency, the diversity and scope of applications for flywheels
are huge. The latest technologies and advancements in the PEI, cryogenically cooled
bearings, vacuum chambers, composite materials, machines, and a range of speeds and
topologies are all at the forefront of research and development. As energy storage becomes
ever more prominent in culture and society, it will become even more valuable. As more
and more renewable energy sources are being used, FESS has become a clear and attractive
prospect for implementation and further exploration. This is because they are in tune
with the required low carbon footprint and are easily recyclable. Excellent efficiency and
fuel savings will encourage investment in their development for further use in all types
of transport.
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125. Dragicevic, T.; Sučić, S.; Vasquez, J.C.; Guerrero, J.M. Flywheel-Based Distributed Bus Signalling Strategy for the Public Fast
Charging Station. IEEE Trans. Smart Grid 2014, 5, 2825–2835. [CrossRef]
126. Hearn, C.S.; Flynn, M.M.; Lewis, M.C.; Thompson, R.C.; Murphy, B.T.; Longoria, R.G. Low Cost Flywheel Energy Storage for a
Fuel Cell Powered Transit Bus. In Proceedings of the 2007 IEEE Vehicle Power and Propulsion Conference, Arlington, TX, USA,
9–12 September 2007; pp. 829–836.
127. Gyugyi, L.; Pelly, B.R. Static Power Frequency Changers: Theory, Performance, and Application; John Wiley & Sons: Hoboken, NJ,
USA, 1976.
128. Amodeo, S.J.; Chiacchiarini, H.G.; Oliva, A.R. High-performance control of a DC–DC Z-source converter used for an excitation
field driver. IEEE Trans. Power Electron. 2011, 27, 2947–2957. [CrossRef]
129. Wang, Z.; Palazzolo, A.; Park, J. Hybrid Train Power with Diesel Locomotive and Slug Car–Based Flywheels for NOx and Fuel
Reduction. J. Energy Eng. 2012, 138, 215–236. [CrossRef]
130. Meinert, M.; Prenleloup, P.; Schmid, S.; Palacin, R. Energy storage technologies and hybrid architectures for specific diesel-driven
rail duty cycles: Design and system integration aspects. Appl. Energy 2015, 157, 619–629. [CrossRef]
131. Unique Cars and Parts. How It Works: Cranshafts and Flywheel. 2020. Available online: https://www.uniquecarsandparts.com.
au/how_it_works_crankcase (accessed on 4 May 2020).
132. Volvo Cars. Volvo Cars Tests of Flywheel Technology Confirm Fuel Savings of Up to 25 Percent. 2013. Available online:
https://www.media.volvocars.com/global/en-gb/media/pressreleases/48800 (accessed on 4 April 2020).
133. Doyle, M.; Samuel, D.; Conway, T.; Klimowski, R. Electromagnetic aircraft launch system-EMALS. IEEE Trans. Magn. 1995, 31,
528–533. [CrossRef]
134. Bender, D. Flywheels; Sandia Report; Sandia National Laboratories: Albuquerque, ME, USA, 2015.
135. Total Immersion: Theme Park for the 21st Century, Orlando, Florida: USA Networks. Available online: https://www.youtube.
com/watch?v=VNDlM-1gvMY (accessed on 3 April 2021).
136. Elbouchikhi, E.; Amirat, Y.; Feld, G.; Benbouzid, M.; Zhou, Z. A Lab-scale Flywheel Energy Storage System: Control Strategy and
Domestic Applications. Energies 2020, 13, 653. [CrossRef]
137. Elbouchikhi, E.; Feld, G.; Amirat, Y.; Benbouzid, M. A flywheel-based distributed control strategy for grid congestion at domestic
level. In Proceedings of the 2020 International Conference on Electrical and Information Technologies (ICEIT), Rabat-Sale,
Morocco, 4–7 March 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1–6.
138. Nasa Glenn Research Center. NASA Flywheel Programme. 2018. Available online: https:www.grcnasa.gov/WWW/portal/pdf/
flywheel.pdf (accessed on 7 April 2021).
139. Brown, K. Europe’s Largest Hybrid Flywheel Battery Project to Help Grid Respond to Energy Demand. 2017. Available online:
https://www.sheffield.ac.uk/news/nr/flywheel-europe-energy-1.704921 (accessed on 4 May 2020).
Energies 2021, 14, 2159 33 of 33
140. Conteh, M.A.; Nsofor, E.C. Composite flywheel material design for high-speed energy storage. J. Appl. Res. Technol. 2016, 14,
184–190. [CrossRef]
141. Sebastián, R.; Alzola, R.P. Flywheel energy storage systems: Review and simulation for an isolated wind power system. Renew.
Sustain. Energy Rev. 2012, 16, 6803–6813. [CrossRef]
142. Grant, C.; Garcia, J.; Hicks, A. Environmental payback periods of multi-crystalline silicon photovoltaics in the United States—How
prioritizing based on environmental impact compares to solar intensity. Sustain. Energy Technol. Assessments 2020, 39, 100723.
[CrossRef]
143. Han, Y.; Ren, Z.; Tong, Y. General Design Method of Flywheel Rotor for Energy Storage System. Energy Procedia 2012, 16, 359–364.
[CrossRef]
144. Rastegarzadeh, S.; Mahzoon, M.; Mohammadi, H. A novel modular designing for multi-ring flywheel rotor to optimize energy
consumption in light metro trains. Energy 2020, 206, 118092. [CrossRef]
145. Wen, S.; Jiang, S. Optimum design of hybrid composite multi-ring flywheel rotor based on displacement method. Compos. Sci.
Technol. 2012, 72, 982–988. [CrossRef]
146. Carbone, R. Energy Storage in the Emerging Era of Smart Grids; IntechOpen: London, UK, 2011.
147. Danfelt, E.L.; Hewes, S.A.; Chou, T.-W. Optimization of composite flywheel design. Int. J. Mech. Sci. 1977, 19, 69–78. [CrossRef]
148. Lokke, B. Industrial Ecology: A Collection of Articles from Science and Technology Review; Diane Publishing: Collingdale, PA,
USA, 1996.
149. Baer, M.R. Aerodynamic heating of high-speed flywheels in low-density environments. NASA STI Recon Tech. Rep. N 1978, 80,
16548.
150. Van Deusen, B.D. Analytical techniques for designing riding quality into automotive vehicles. SAE Trans. 1968, 155–166.
151. Blake, R. Shock and Vibration Handbook, 2nd ed.; Harris, C.M., Crede, C.E., Eds.; McGraw-Hill: New York, NY, USA, 1976.
152. Himelblau, H.; Piersol, A.; Wise, J.; Max, R. Guidelines for Dynamic Data Acquisition and Analysis. In Military Handbook
MIL-HDBK-XXX. In Military Handbook MIL-HDBK-XXX; U.S. Department of Defense: Washington, DC, USA, 1989.
153. Northrop Grumman. System Specification for ATTB System, Advanced Technology Transit Bus; Final Report; Northrop Grumman:
Falls Church, VA, USA, 1995.
154. Vance, J.M. Rotordynamics of Turbomachinery; John Wiley & Sons: Hoboken, NJ, USA, 1988.
155. Chen, H.; Ku, C. Virtual Balancing of Rotor Supported by Magnetic Bearings. In Proceedings of the 13th Biennial ASME
Conference on Mechanical Vibration and Noise, Miami, FL, USA, 22–25 September 1991; pp. 22–25.
156. Beale, S.; Shafai, B.; LaRocca, P.; Cusson, E. Adaptive forced balancing for magnetic bearing control systems. In Proceedings
of the 31st IEEE Conference on Decision and Control, Tucson, AZ, USA, 16–8 December 1992; IEEE: Picataway, NJ, USA, 1992;
pp. 3535–3539.
157. McDonald, A.T. Simplified gyrodynamics of road vehicles with high-energy flywheels. In Proceedings of the 1980 Flywheel
Technology Symposium; US Department of Energy: Washington, DC, USA, 1980; pp. 240–258.
158. Den Hartog, J. Chapter 7: Self-excited vibrations. In Mechanical Vibrations, 4th ed.; McGraw-Hill: New York, NY, USA, 1956.
159. Murphy, B.T.; Bresie, D.A.; Beno, J.H. Bearing Loads in a Vehicular Flywheel Battery. 1997. Available online: http://www.xlrotor.
com/Paper_PDFs/flyweel%20bearing%20loads.pdf (accessed on 21 February 2021).
160. Marion, J.B. Classical Dynamics of Particles and Systems; Academic Press: Cambridge, MA, USA, 2013.
